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Chloroplast-Targeted ERD1 Protein Declines but Its mRNA
Increases during Senescence in Arabidopsis’
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Arabidopsis ERD1 is a ClpC-like protein that sequence analysis
suggests may interact with the chloroplast-localized ClpP protease
to facilitate proteolysis. The mRNA encoded by the ERD1 gene has
previously been shown to accumulate in response to senescence
and to a variety of stresses and hormones. Here we show that the
ERD1 protein, in contrast to the ERDT mRNA, strongly declines in
abundance with age, becoming undetectable in fully expanded
leaves. Sequence analysis also suggests that ERD1 is chloroplast
targeted, and we show in an in vitro system that the native protein
is properly imported, processed, and present within the soluble
fraction of the chloroplast, presumably the stroma. We show that
ClpP protein, which is also present in the stroma, declines with age
in parallel with ERD1. These results are consistent with the inter-
action of ERD1 and ClpP, but they suggest that it is unlikely that
either plays a major role during senescence. Certain other chloro-
plast proteins decline with age coordinately with ERD1 and ClpP,
suggesting that these declines are markers of an early age-mediated
change that occurs within the chloroplast.

Arabidopsis ERD1 was first reported as an mRNA that
rapidly accumulates in response to dehydration (Kiyosue
et al., 1993). It was later reported, under the name SAGI5,
as an mRNA that accumulates during natural senescence
(Lohman et al., 1994; Nakashima et al., 1997; Weaver et al.,
1998). ERD1 shows strong sequence similarity to the Clp
ATPases, a widely distributed family of genes character-
ized by two nonhomologous nucleotide-binding domains
separated by a spacer region (Squires and Squires, 1992).
These genes have been divided into three categories, based
initially on the length of the spacer. ClpAs have short
spacers and are found in bacteria. ClpBs have longer spac-
ers and are found in bacteria, animals, plants, and fungi.
ClpCs have spacers of intermediate length and are found in
plants and some bacteria. Plant ClpCs have putative
N-terminal transit peptides that suggest chloroplast local-
ization (for review, see Squires and Squires, 1992).

ClpBs are heat-shock-induced chaperonins that have
been shown in yeast and Escherichia coli to be necessary for
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survival at high temperatures (Parsell et al., 1991; Squires
et al., 1991; Squires and Squires, 1992). ClpAs function as
ATP-dependent regulatory subunits of the ClpP protease
(Squires et al., 1991; Squires and Squires, 1992) and also
have been shown to function independently as chaperonins
in vitro (Wickner et al., 1994; Wawrzynow et al., 1996). The
role of the ClpCs is less clear, although recent work sug-
gests that they also may function both independently as
chaperonins and as subunits of a Clp protease. An Arabi-
dopsis ClpC (AtClpC) has been shown to interact in vitro
with bacterial ClpP to facilitate ATP-dependent proteolysis
(Shanklin et al., 1995), and barley ClpC and ClpP coimmu-
noprecipitate from chloroplast extracts, suggesting that the
two may interact (Desimone et al., 1997). It also has been
found that a pea (Pisum sativum) ClpC (originally called
ClpA) is associated with the chloroplast-translocation ap-
paratus (Akita et al., 1997; Nielsen et al., 1997) and may
function as a molecular chaperone involved in the trans-
port of precursor proteins into plastids.

The final stage of leaf development is often characterized
by the mobilization of nutrients stored within the leaf to
other parts of the plant, and this mobilization and the
changes that accompany it have been referred to as the
“senescence syndrome” (Bleecker and Patterson, 1997), an
active process under nuclear control with a large number of
genes with mRNAs, proteins, or activities that increase
coordinately with it (for recent reviews, see Bleecker and
Patterson, 1997; Buchanan-Wollaston, 1997; Nam, 1997;
Weaver et al., 1997). An early target of the senescence
process is the chloroplast, where approximately one-half of
the protein in leaves is found. It is not known which
proteases are involved in mobilizing the nitrogen con-
tained within chloroplast proteins, although ATP-
dependent proteolysis has been observed within chloro-
plasts (Liu and Jagendorf, 1984; Malek et al., 1984; Lindahl
et al., 1995; Halperin and Adam, 1996). The ClpP proteo-
lytic subunit is encoded by and present within the chloro-
plast, and certain nuclear-encoded ClpCs are known to be
chloroplast localized (Shanklin et al., 1995). Therefore, the
Clp system is a candidate for the mediation of chloroplast
protein degradation during senescence. If this is the case,
then the levels of its components might be expected to
increase during senescence.

Abbreviations: OEC, oxygen-evolving complex; RbcS, small
subunit of Rubisco.
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The protein or mRNA levels of ClpP and some ClpC
family members have been examined in senescing leaves of
several species (although rarely have mRNA and protein in
the same species been studied), and none were found to be
induced (Shanklin et al., 1995; Crafts-Brandner et al., 1996,
1998; Humbeck and Krupinska, 1996). An exception is the
Arabidopsis ClpC family member ERD1, which, as dis-
cussed above, encodes an mRNA that accumulates during
senescence (Kiyosue et al., 1993; Lohman et al., 1994; Na-
kashima et al., 1997; Weaver et al., 1998). The senescence-
associated increase in ERD1 mRNA levels is intriguing
because ERD1 is diverged from both the other Arabidopsis
ClpC family member (AtClpC) and the other known plant
ClpCs (Vierling, 1997; Fig. 5), which suggests that it might
play a distinct role within the plant. One possibility is that
ERD1 mediates Clp-dependent proteolysis during senes-
cence (Nakashima et al., 1997; Weaver et al., 1997, 1998).

We show here in Arabidopsis that the ERD1 protein is
properly imported, processed, and present within the sol-
uble fraction of the chloroplast in an in vitro chloroplast
import system, indicating that it is present within the chlo-
roplast in the plant and is therefore potentially able to
interact with ClpP. Although ERD1 mRNA levels increase
during senescence, ERD1 protein levels actually decline
abruptly, in parallel with ClpP, as leaves senesce.

MATERIALS AND METHODS
Plant Materials and Treatments

Arabidopsis ecotype Landsberg erecta (Ler) was origi-
nally obtained from the Arabidopsis Stock Center at The
Ohio State University (Columbus). Plants were grown on
germination mixture (Fafard, Agawam, MA) under cool-
white fluorescent light (120 umol m 2 s~ ') in growth
chambers. In most experiments, plants were grown under
continuous light. In the experiments shown in Figures 1
and 3B, plants were grown under 16 h of light. Under these
conditions, plants flowered after forming approximately
eight rosette leaves (cotyledons were not counted). All
plants used in a given experiment were taken from a single
synchronously growing population and harvested in late
afternoon. Only identically aged leaves were pooled.

Protein Extraction and Immunoblotting

Leaf extracts were prepared by grinding tissue under
liquid N, and adding lysis buffer (50 mm Tris-HCI, pH 7.5,
1 mm EDTA, 100 mm NaCl, 1% Nonidet P-40, 0.1% SDS,
0.1% Triton X-100, 0.7% 2-mercaptoethanol, and 1 mm
PMSEF); equal volumes of lysis buffer and frozen, ground
tissue were used. Samples were vortexed and centrifuged,
and the supernatant was added to an equal volume of
2X loading buffer (125 mm Tris-HCl, pH 7.5, 1% 2-
mercaptoethanol, 4% SDS, 20% glycerol, and 0.01% brom-
phenol blue). Equal volumes of each sample (representing
protein derived from equal volumes of leaf tissue) were
electrophoresed on SDS-PAGE gels and electroblotted onto
PVDF membranes (Bio-Rad). Immunodetection was per-
formed as described by Shanklin et al. (1987).
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RNA Extraction and Blotting

Total RNA was extracted (RNA Isolator, Genosys Bio-
technologies, The Woodlands, TX). RNA was size fraction-
ated by electrophoresis on 1% formaldehyde-agarose gels
and transferred onto nylon membranes by capillary blot-
ting. RNA derived from equal volumes of ground, frozen
leaf tissue was loaded in each lane. Probes were derived
from the ERD1 cDNA (Lohman et al., 1994) and the c-myc
cassette of the plasmid pJR1265 (R. Hampton and J. Rine,
personal communication) and **P labeled by random prim-
ing (Prime-a-Gene kit, Promega). Hybridization was at
65°C overnight in 0.25 m NaH,PO,, pH 7.4, 7% SDS, 1%
casein, and 1 mMm EDTA, and membranes were washed
twice for 45 min each in 0.04 m NaH,PO,, pH 7.2, 1% SDS,
and 1 mm EDTA. Probe hybridization was visualized with
a phosphor imager using ImageQuant software (Molecular
Dynamics, Sunnyvale, CA).

Antibodies

A 1.5-kb ERD1 Xhol ¢cDNA fragment encoding a 507-
amino acid residue peptide corresponding to the Arg-368
to Ile-675 region of the native ERD1 (accession no. D17582)
was cloned into pET28a (Novagen, Madison, WI). The
resulting plasmid, pSAGl15exXho, was transformed into
Escherichia coli strain BL21(DE3). Isopropylthio-B-galacto-
side induction resulted in the production of an insoluble
protein. Induced cells were lysed by sonication and centri-
fuged for 20 min at 2000g, and the insoluble fraction was
washed with binding buffer (5 mm imidazole, 4.5 M NaCl,
and 20 mwm Tris-HCl, pH 7.9). This protein was resus-
pended in binding buffer plus 6 M guanidine and affinity
purified on a column (HisBind, Novagen) under denatur-
ing conditions according to the manufacturer’s instruc-
tions. The purified protein was dialyzed several times
against 60 mm Tris-HCI, pH 6.8, and 1% SDS and used to
inoculate rabbits to raise polyclonal antibodies. BCB anti-
body was prepared similarly (L.M. Weaver and R.M. Ama-
sino, unpublished results). c-myc antibody was obtained
from Oncogene Science (Manhasset, NY; anti-c-myc mono-
clonal 9E10.2, IgG1). ClpP antibody was as described by
Shanklin et al. (1995), OEC was as described by Camm et al.
(1987), Toc75 was as described by Nielsen et al. (1997), and
RbcS was as described by Akita et al. (1997).

Construction of the myc-Tagged ERD1 Clone and
Arabidopsis Transformation

The genomic sequences used in the construction were
obtained from a 13.7-kb clone derived from an Arabidopsis
ecotype Columbia AGEM11 library (a gift from Ron Davis,
Stanford University). The c-myc epitope cassette used was
the 6-myc repeat found in pJR1265 (R. Hampton and J.
Rine, personal communication). Primers were designed to
PCR amplify the c-myc cassette while introducing Clal
restriction sights into its 5’ and 3’ ends. A Clal site is also
present at the 3’ end of the ERDI-coding region, at a
position corresponding to amino acid 944. A 3.4-kb
genomic EcoRI fragment containing this Clal site was sub-
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cloned into the vector pGEM11Zf, and the amplified c-myc
cassette was inserted into the Clal site to yield the plasmid
PSAG15genRH2bmyc. The region containing the c-myc
cassette and insertion site was sequenced and found to be
free of errors. The entire 13.7-kb genomic clone, with the
myc-tagged EcoRI fragment from pSAG15genRH2bmyc
substituted for the corresponding wild-type fragment, was
cloned in a series of steps into the Xbal and Sall sites of the
binary transformation vector pPZP111, to give the plasmid
PSAG15myc. pSAG15myc was transformed into Arabidop-
sis ecotypes Ler and Columbia using vacuum infiltration
(Bechtold et al., 1993; Bent and Clough, 1998) and Agrobac-
terium tumefaciens strain LBA4404. Two kanamyecin-
resistant Columbia lines and one Ler line were examined
and showed identical ERD1 and myc protein-expression
patterns. The Ler line was used in the work described.

Chloroplast Binding, Import, and Fractionation of ERD1

Chloroplasts were isolated from 8- to 12-d-old pea (Pi-
sum sativum var Little Marvel) seedlings as described pre-
viously (Bruce et al., 1994). After isolation, chloroplasts
were resuspended to 1 mg chlorophyll/mL import buffer
(50 mm Hepes-KOH, pH 8.0, and 330 mm sorbitol). Syn-
thesis of precursor to ERD1 was performed using a wheat-
germ extract (Bruce et al., 1994) with [**S]Met (DuPont/
NEN) for labeling. The template was the ERD1 cDNA clone
PSAG15full, which consists of the complete ERDI-coding
region, the 3'-untranslated region, and a poly(A™) tail
cloned into pBluescript SK; it lacks the 5'-untranslated
region. Import of ERD1 was performed as follows: Wheat-
germ-translated ERD1 (approximately 500,000 dpm/150
L import reaction) was added to pea chloroplasts in the
presence of 4 mm Mg-ATP and incubated at room temper-
ature. Aliquots were removed at given times, and import
was terminated by reisolating intact chloroplasts by sedi-
mentation through a 40% Percoll cushion. Fractions were
resuspended in sample buffer and subsequently analyzed
by SDS-PAGE and fluorography.

Binding of ERD1 was performed by incubating wheat-
germ-translated ERD1 with chloroplasts for 30 min in the
dark at 4°C under low-ATP conditions (approximately 75
uM). The binding reaction was divided into two equal
fractions. One sample was treated with thermolysin and
the other sample was not. Protease digestion was allowed
to continue for an additional 30 min on ice in the dark.
Proteolysis was terminated by adding EDTA to a final
concentration of 5 mm, and intact chloroplasts were reiso-
lated by sedimentation through a 40% Percoll cushion with
5 mm EDTA present. Fractions were resuspended in sam-
ple buffer and subsequently analyzed by SDS-PAGE and
fluorography.

Fractionation of imported proteins was performed as
described previously (Bruce et al., 1994). ERD1 was im-
ported as described above, and intact chloroplasts were
recovered by sedimentation through a 40% Percoll cushion.
Intact chloroplasts were lysed hypotonically in 200 uL of
lysis buffer (25 mm Hepes-KOH, pH 8.0, and 4 mm MgCl,).
The lysis reaction was incubated on ice for 15 min in the
dark, and the supernatant and crude membrane fractions

were separated by centrifugation (30 min at 100,000g;
model RP 100-ATP, Sorvall). Isolated chloroplastic crude
membrane and supernatant were resuspended in sample
buffer and subsequently analyzed by SDS-PAGE and
fluorography.

RESULTS

ERD1 Protein Levels Decline during Leaf Senescence, in
Contrast to ERDT mRNA Levels

Polyclonal antibodies raised to an E. coli-expressed ERD1
peptide detected an approximately 100-kD protein in green
but not senescent leaves (Fig. 1A, bottom left). Total RNA
isolated from the same tissue as the protein samples, when
blotted and probed with labeled ERD1 cDNA, confirmed
previous observations that ERDI mRNA levels increase
during senescence (Fig. 1A, top left). This suggested that
the ERD1 protein, in contrast to the ERDI mRNA, is not
induced during senescence. One possible explanation for
this unexpected result is that the polyclonal antibody rec-
ognized not ERD1 but a related Clp family member or
some other cross-reacting species. To examine this possi-
bility, an epitope-tagged ERD1 was constructed. A 13.7-kb
genomic clone containing the entire ERDI-coding region
and 3 to 4 kb of both upstream and downstream sequences
was engineered to include six repeats of a c-myc epitope
tag at the C-terminal portion of the ERD1 protein (Fig. 2).
This clone was then transformed into Arabidopsis, and
RNA and protein blots were prepared from transgenic
lines.

In all cases, the protein detected by both the ERD1 and
c-myc antibodies was observed to decline during senes-
cence, whereas RNA detected with both ERD1 and c-myc
DNA probes was observed to increase (Fig. 1B). When
protein and RNA blots derived from nontransformed
plants were examined with c-myc antibody or labeled
c-myc DNA, no signal was detected, confirming that these
reagents detect only the myc-tagged ERD1 mRNA and
protein (Fig. 1A, right). This indicates that the anti-ERD1
polyclonal antibodies recognize the ERD1 protein, which
declines during senescence. All further ERD1 antibody
work was done using the polyclonal antibodies and wild-
type plants.

To further characterize the expression pattern of the
ERD1 protein in leaves, a more detailed developmental
time course, emphasizing the period between early full
expansion and early senescence, was examined. Detectable
steady-state levels of ERD1 were again present only in
expanding and young fully expanded leaves, and ERD1
became undetectable between full expansion and early se-
nescence (Fig. 3A). As a positive control for senescence, the
developmental series was examined with antibody to BCB
(Van Gysel et al.,, 1993), also known as SAGI4, a gene
known to be up-regulated during senescence at both the
mRNA (Lohman et al.,, 1994, Weaver et al.,, 1998) and
protein levels (L.M. Weaver and R.M. Amasino, unpub-
lished results). BCB became detectable only in late fully
expanded/early senescent leaves, soon after ERD1 became
undetectable. ERD1 is chloroplast localized (see below),
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Figure 1. ERD1 protein is down-regulated during senescence, whereas its mRNA is up-regulated. A, RNA and protein blots
derived from the fifth true leaf of wild-type Arabidopsis (ecotype Ler) probed with ERD1 polyclonal antibodies or labeled
cDNA (left) or with c-myc monoclonal antibodies or labeled DNA (right). B, RNA and protein blots derived from the fifth
true leaf of Arabidopsis 15myc Ler, which is Ler transformed with a c-myc-tagged ERD1 genomic clone, and probed as in
A. Young leaves averaged 15 mm and were harvested 16 d after germination; early fully expanded (exp) leaves averaged 27
mm and were harvested 20 d after germination; late fully expanded leaves averaged 30 mm and were harvested 23 d after
germination; early senescent (sen) leaves averaged 15% yellow and were harvested 29 d after germination; late senescent
leaves averaged 70% yellow and were harvested 33 d after germination. RNA and protein derived from equal volumes of

leaf tissue were loaded.

and the series was also examined with antibodies that
recognize four other chloroplast-localized proteins as con-
trols for senescence and for the state of the chloroplast
(ClpP, Toc75, OEC, and RbcS; Fig. 3). These proteins de-
clined during senescence, as expected, two with kinetics
similar to ERD1 and two more slowly (see “Discussion”).
One of the proteins that declined in parallel with ERD1,
ClpP, is the protease with which ERD1 has been hypothe-
sized to interact.

Developmental conditions can affect the progression of
the senescence syndrome. Shorter photoperiods in partic-
ular can delay the onset of senescence (Noodén et al., 1996).
The plants used for the experiments shown in Figure 3A
were grown in continuous light. To determine whether
ERD1 was similarly regulated under different environmen-
tal conditions, with respect to both development and the
other genes tested, a second developmental time course
derived from plants grown in 16-h photoperiods was also
examined (Fig. 3B). In both experiments, the different pro-
teins were coordinately regulated with respect to each
other, although the absolute developmental stages at which
they declined or increased varied (e.g. in both cases, ERD1

c-myc (6X)

XHHR/\ R

DETS[

R R H

myc-tagged C-terminalend - - -
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Figure 2. Construction of the c-myc-tagged ERD1 genomic clone.
The 13.7-kb ERD1 genomic clone transformed into plants is dia-
grammed. R, H, and X, Positions of EcoRl, Hindlll, and Xhol sites,
respectively. The box represents the ERD1 primary transcript. The
darkly shaded portion of the box indicates the area containing the
coding region (introns are not distinguished). The lightly shaded
portions indicate the 5’- and 3’-untranslated regions. Below the
diagram (and not to scale), the C-terminal ends of the myc-tagged
and wild-type proteins are shown.

became undetectable as BCB became detectable, but it first
became undetectable in fully expanded leaves in the exper-
iment shown in Fig. 3A and in early senescent leaves in the
experiment shown in Fig. 3B). This suggests that, although
environmental factors can influence the timing of the se-
nescence program relative to leaf development, the pro-
gram itself remains largely constant.

ERD1 Is Localized within the Soluble Fraction
of the Chloroplast

Because ERD1 appears to have an N-terminal transit
peptide and is similar in sequence to the chloroplast-
localized AtClpC, we wanted to determine whether the
ERD1 protein is also imported into the plastid. An expres-
sion construct was made using the full ERD1-coding se-
quence, and radiolabeled ERD1 protein was produced in a
wheat-germ transcription/translation system. This protein
was then introduced into an in vitro plastid-uptake system
(Bruce et al., 1994). In the presence of ATP, ERD1 was
imported into the chloroplast and processed in a manner
consistent with the N-terminal transit peptide being re-
moved (Fig. 4A). Under low-ATP conditions, ERD1 also
bound the chloroplast but was not imported or processed
(Fig. 4B). These results are consistent with the behavior of
known chloroplast-imported proteins in this system. After
import, chloroplasts were lysed and crude membrane and
soluble fractions prepared, and ERD1 was observed to be
present within the soluble fraction (Fig. 4C). These results
indicate that in the cell ERD1 is present within the chloro-
plast and likely within the stroma as well.

DISCUSSION

Recent studies indicate that many, and probably most,
genes that are induced during age-associated senescence
(i.e. senescence occurring in leaves of nonstressed plants
progressing through normal stages of development) are
also induced by one or more stresses or stress-related hor-
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mones (Azumi and Watanabe, 1991; Hsieh et al.,, 1995;
Stirpe et al., 1996; Buchanan-Wollaston and Ainsworth,
1997; Park et al., 1998; Weaver et al., 1998). It seems likely
that in at least some cases these genes in fact function
directly in both senescence and stress responses, and one
role they may be playing is to protect the cell from damage
that may be common to both. It is important to remember
in this context that the senescence syndrome is an active,
ordered developmental process, not simply passive cell
death, so cells undergoing senescence must remain suffi-
ciently healthy to allow the program to progress. The in-
duction of stress-response systems during senescence may
thus function to help maintain the necessary cellular integ-
rity. Most of the work describing senescence- and stress-
associated gene induction has been done at the level of
steady-state mRNA, under the assumption that mRNA
levels will reflect protein levels and ultimately biological
function. At the mRNA level, ERD1 is one such senescence-
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) Figure 3. Protein blots derived from two devel-
@\\"" & o opmental series. A, Time course emphasizing

& & the period between early full expansion and
e Uy middle senescence. Arabidopsis plants from a
synchronous population grown under continu-
ous light were harvested over a period of several
days, and protein from the sixth true leaf was
prepared. Protein blots were examined with the
indicated antibodies. The photographs indicate
the developmental stages of the leaves at each
time. DAG, Days after germination. B, The
broader time course shown in Figure 1A, left,
examined with the indicated antibodies. Plants
were grown under a 16-h photoperiod, and pro-
tein and RNA from the sixth true leaf was pre-
pared. BCB is a known senescence-associated
gene, ClpP is the proteolytic subunit of the Clp
protease, and Toc75 is a component of the chlo-
roplast import apparatus. Protein derived from
equal volumes of leaf tissue was loaded. exp,
Expansion; sen, Senescence.

associated gene that is also induced by a variety of stresses
and hormones (Kiyosue et al., 1993; Nakashima et al., 1997;
Weaver et al., 1998).

ERD1 is a particularly interesting example of the class of
senescence- and stress-induced mRNAs because its se-
quence suggests that it is localized in the chloroplast,
which is a major target of the senescence syndrome. As a
member of the ClpC family, its sequence also suggests
what it might do there, i.e. mediate proteolysis via the Clp
system. The possibility has been proposed that ERD1 might
interact with the plastid-localized ClpP to promote
senescence-induced chloroplast protein degradation or
stress-necessitated chloroplast restoration (Kiyosue et al.,
1993; Nakashima et al., 1997, Weaver et al., 1997). It has
been reported that the N-terminal region of ERD1, when
fused to GFP (green fluorescent protein), targets it to the
chloroplast (Nakashima et al., 1997). Here we demonstrate
in an in vitro chloroplast import system that the native

B C
Binding localization

[
Mw TP 0 &
121-

el g

82-g

I I
10' 20" 30 -+

|
M S

*._I“I J

Figure 4. ERD1 import, binding, and fractionation using pea chloroplasts. A, Import of ERD1 into pea chloroplasts was
performed as described in “Materials and Methods.” Aliquots were removed at given times, and import was terminated by
reisolating intact chloroplasts by sedimentation through a 40% Percoll cushion. Fractions were resuspended in sample buffer
and subsequently analyzed by SDS-PAGE and fluorography. B, Binding of ERD1 to pea chloroplasts under low-ATP
conditions. The binding reaction was equally divided into two fractions. One sample was treated with thermolysin (+) and
the other sample was not (—). Protease digestion was allowed to continue for an additional 30 min on ice in the dark.
Proteolysis was terminated by adding EDTA to a final concentration of 5 mm, and intact chloroplasts were reisolated by
sedimentation through a 40% Percoll cushion with 5 mm EDTA present. C, ERD1 was imported into pea chloroplasts and
fractionated as described in “Materials and Methods.” All fractions were analyzed by SDS-PAGE and fluorography. TP, Ten
percent of translation product added to the import reaction; M, crude membrane pellet; S, supernatant fraction; U,
unprocessed form of ERD1; P, processed form of ERD1; MW, M, standards.
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protein is imported, processed, and localized within the
nonmembranous fraction of the chloroplast, presumably
the stroma. ClpP is also present within the stroma (Shan-
klin et al., 1995), and the two are thus potentially able to
interact.

We also observed similar developmental regulation of
the two proteins, which likewise is consistent with their
interaction. Our data, however, do not show ERD1 to be in
the senescing chloroplast; ERD1 protein, in contrast to
ERD1 mRNA, is present at high levels in expanding and
green fully expanded leaves, but it decreases below the
level of detection at or before the onset of visible senes-
cence. ERDI mRNA is present at low levels in young
leaves, and the high protein abundance at that time could
be explained if the mRNA present is translated very ac-
tively, if the protein produced is very stable, or both. In
senescing leaves, in which mRNA levels are high but pro-
tein levels are below detection, translation may not occur,
and any protein that is produced may be very unstable
(perhaps because another factor, such as ClpP, is not
present).

This disparity between ERD1 protein and mRNA levels
may indicate that ERD1 does not play a role in senescence.
If so, there are several possible explanations for the in-
crease of ERDI mRNA during senescence. One is that it is
an evolutionary relic of some ancestral gene that was in-
volved in the senescence syndrome. Another is that ERD1
is functionally a stress-response gene (in addition to any
constitutive functions it might have) and senescence indi-
rectly activates its transcription by stressing the cell. The
other known plant ClpCs (Shanklin et al., 1995) and pho-
tosynthetic bacterial ClpCs (Clarke and Eriksson, 1996) are
constitutively present and are not stress responsive. The
ClpC of the nonphotosynthetic bacterium Bacillus subtilis,
in contrast, is known to accumulate as part of a general
stress response (Kruger et al., 1994). Photosynthesis ex-
poses an organism to oxidative stress, and it has been
proposed that in photosynthetic organisms ClpC may have
evolved away from stress responsiveness and toward con-
stitutive expression to defend against these constitutive
stresses (Clarke, 1997). As discussed above, ERD1 mRNA,
unlike the other ClpC mRNAs that have been examined,
is induced by a variety of stresses and stress-related
hormones.

It is intriguing that the ERD1 sequence is as similar to the
sequence of the stress-responsive B. subtilis ClpC as it is to
that of the stress-insensitive Arabidopsis ClpC (approxi-
mately 48% identity to both), whereas all other known
plant ClpCs are quite similar to each other (e.g. 88% iden-
tity between Arabidopsis and pea ClpC; Fig. 5). In fact, it
was recently suggested based on sequence alone that ERD1
should be described not as a ClpC but as the founding
member of a ClpD family (Vierling, 1997). It seems likely
that in the future related genes will be identified in other
plants, making the existence of a separate ERD1/ClpD
subfamily more evident.

Finally, it is also possible that ERD1 mRNA accumula-
tion during senescence has little significance at all, whether
evolutionary or stress related. All activity that occurs dur-
ing senescence need not be functionally related to it, and it
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Figure 5. Dendrogram of selected Clp genes, including all of the
sequenced full-length, higher-plant ClpCs, produced using the
PileUp program from the Genetics Computer Group (Madison, WI)
package. The class to which each sequence appears to belong is
indicated on the right of the dendrogram (although this sometimes
conflicts with the name the sequence was given), and the expression
characteristics of the group are indicated to the right of that (expres-
sion patterns have not necessarily been determined for all of the
individual genes). Note that ERD1, although clearly neither a CIpA
nor a ClpB, appears distinct from the other plant and photosynthetic
bacterial ClpCs. Accession numbers are as follows: E. coli ClpA,
spP15716; Helicobacter pylori ClpA, giAE000525; Arabidopsis
ClpC, giAF022909; Brassica napus ClpA, spP46523; tomato ClpA,
spP31541; tomato ClpC, spP31541; pea ClpC, spP35100; Synecho-
coccus ClpC, gi755162; B. subtilis ClpC, spP37571; Arabidopsis
ERD1, spP42762; Arabidopsis HSP101, spP42730; Glycine max
SB100, gil35272; Arabidopsis HSP, gnlZ97336; E. coli ClpB,
spP03815; Synechocystis ClpB, gnlD90915; H. pylori ClpB,
spP71404; and yeast HSP104, spP31539.

has been pointed out that the “molecular ramblings of cells
going senile” might not be so easy to distinguish from
more biologically relevant processes (Bleecker, 1998). It
should be noted that at present very few senescence-
associated genes have been examined at the level of protein
expression, so it cannot be predicted just how unusual this
disparity actually is between protein and mRNA levels.
A second model to explain the disparity between ERD1
protein and mRNA levels is that the ERD1 protein is func-
tionally involved in senescence but is highly unstable in
senescent tissue. This would presuppose that the protein is
biologically active at low levels and that in senescent tissue
high levels of mRNA are required to maintain even this



ERD1 Protein Declines during Senescence in Arabidopsis 1215

low level of protein. If ERD1 stimulates general proteolysis
in senescing chloroplasts, it is perhaps not unreasonable
that it would also be a target of the process, and there is
evidence that E. coli ClpA mediates its own degradation
(Gottesman et al., 1990; Maurizi et al., 1990). Our results do
not allow us to distinguish between these two models.

ERDL1 is present within the chloroplast, which is an early
target of senescence-induced degradation, so it is possible
that the developmental decline of ERD1 simply parallels a
general decline in chloroplasts. ERD1 protein levels, how-
ever, decline well before the onset of leaf yellowing (Fig. 3),
i.e. before changes in the chloroplast are apparent (Thomas,
1977). To explore the significance of the timing of ERD1
decline, we examined the levels of four other chloroplast
proteins that have different functions and are present in
various compartments. Toc75 is part of the chloroplast
import apparatus and is present within the outer chloro-
plast membrane (Nielsen et al., 1997). ClpP is the proteo-
lytic subunit of the Clp protease and is present within the
stroma (Shanklin et al., 1995). RbcS is also present within
the stroma (Akita et al., 1997). OEC is present within the
thylakoid lumen (Camm et al., 1987). Toc75 and ClpP de-
clined in parallel with ERD1, before the onset of visible
senescence. The CAB (chlorophyll a/b-binding) protein be-
haved similarly (data not shown). RbcS and OEC, in con-
trast, both remained readily detectable throughout the
course of the experiment, although by the later time they
had clearly declined (Fig. 3).

Senescence is known to begin at approximately the time
of full leaf expansion in many species (Mae et al., 1987;
Hensel et al., 1993; Crafts-Brandner et al., 1996), and grad-
ual declines in RbcS protein, correlated with a gradual
decline in photosynthesis, have been observed in other
plants (Gepstein, 1988; Jiang et al., 1993; Jiang and Roder-
mel, 1995). The coordinated, abrupt declines in the other
molecules is more unusual, however. One interpretation of
these results is that before the onset of visible senescence
the decision is made to no longer maintain the chloroplast,
so proteins involved in long-term maintenance, as opposed
to short-term function, are not replaced. This model sug-
gests that both ERD1 and ClpP are involved in chloroplast
maintenance and that their simultaneous declines before
the onset of visible senescence are markers of a more
general, senescence-related change that occurs in the chlo-
roplast at that time.

Based on its similarity to ClpAs and ClpCs, ERD1 could
function as a chaperonin, repairing denatured proteins; as
a protease regulatory subunit, presenting denatured pro-
teins to the ClpP protease for degradation; or as both,
repairing or degrading as interactions with other factors
dictate (Squires and Squires, 1992; Wickner et al., 1994). In
plants, ClpP is encoded by and localized within the chlo-
roplast, although nuclear-encoded ClpPs with putative
chloroplast transit peptides are present in the genome
(Schaller and Ryan, 1995; L.M. Weaver, J.E. Froehlich, and
R.M. Amasino, unpublished observations). Little is known
of the role of ClpP in plants, although it appears to be
essential, because it is present even within the minimal
plastid of the nonphotosynthetic flowering plant Epifagus
virginiana, which contains only 42 genes, 38 of which spec-

ify components of the plastid gene-expression apparatus
(Wolfe et al., 1992). In bacteria, it is known that ClpP can
interact with several different catalytic subunits, which are
thought to determine its specificity. We have shown here
that ClpP protein levels, like those of ERD1, decline during
senescence. These results are consistent with studies in
which ClpP mRNA was shown to decline during senes-
cence in other species (Crafts-Brandner et al., 1996; Hum-
beck and Krupinska, 1996). It appears unlikely, however
(although it cannot be ruled out), that either ClpP or ERD1
is involved in proteolysis during senescence. It seems most
likely that ERD1 is involved in chloroplast assembly or
maintenance during normal presenescent growth and, pos-
sibly, like certain of its bacterial ClpC cousins, during
stresses.
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